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Fear Memory Formation Involves p190 RhoGAP and
ROCK Proteins through a GRB2-Mediated Complex
anatomical site within which to assess molecular mech-
anisms that might mediate changes in synaptic efficacy
during long-term memory formation.
Raphael Lamprecht, Claudia R. Farb,
and Joseph E. LeDoux1
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GRB2 is an adaptor molecule that brings various pro-Center for Neural Science
teins into close proximity, forming molecular complexesNew York University
that propagate intracellular signals and induce cellularNew York, New York 10003
responses (Buday, 1999). These complexes have been
implicated in cytoskeletal rearrangement, cellular adhe-
sion, and vesicle docking, cellular events that contributeSummary
to changes in synaptic efficacy during development
(Luo, 2000). Given the importance of GRB2 in signalWe used fear conditioning, which is known to alter
transduction in neurons and the essential role of LA insynaptic efficacy in lateral amygdala (LA), to study
the formation of long-term memory of fear conditioning,molecular mechanisms underlying long-term memory.
in the present study we examined whether GRB2 formsFollowing fear conditioning, the tyrosine phosphory-
a molecular complex in LA following fear conditioning,lated protein p190 RhoGAP becomes associated with
and if so which molecular pathways might be involved.GRB2 in LA significantly more in conditioned than in
Our finding that GRB2 forms a molecular complexcontrol rats. RasGAP and Shc were also found to asso-
with the GTPase-activating protein, p190 RhoGAP, ledciate with GRB2 in LA significantly more in the condi-
us to pursue the nature of the contribution of this com-tioned animals. Inhibition of the p190 RhoGAP-down-
plex. p190 RhoGAP is involved in the regulation of Rhostream kinase ROCK in LA during fear conditioning
GTPase. Specifically, Rho GTPase is inactivated by p190impaired long- but not short-term memory. Thus, the
RhoGAP (Ridley et al., 1993). In its active state, inducedp190 RhoGAP/ROCK pathway, which regulates the
by guanine nucleotide exchange factors (RhoGEFs; Luo,morphology of dendrites and axons during neural de-
2002), Rho GTPase activates downstream kinases (Luo,velopment, plays a central role, through a GRB2-medi-
2002), including the serine/threonine Rho-associated ki-ated molecular complex, in fear memory formation in
nase, ROCK. Given that activation of p190 RhoGAP canthe lateral amygdala.
lead to inhibition of ROCK through inactivation of Rho
GTPases, the level of p190 RhoGAP activity regulatesIntroduction
ROCK function. We therefore examined the effects of
ROCK inhibition on fear conditioning and found thatChanges in synaptic efficiency are believed to underlie
memory formation was impaired. Together these find-learning and memory (Dudai, 1989; Kandel, 2001). A
ings suggest that the Rho pathway, presumably throughchallenge is to identify molecules involved in sustaining
ROCK, in the lateral amygdala is involved in the forma-synaptic changes and to elucidate their role in memory
tion of long-term memory of fear conditioning. In viewformation. One emerging view is that coordinate regula-
of evidence implicating p190 RhoGAP and ROCK in reg-tion of neural processes occurs by molecular complexes
ulating dendritic and axonal growth (Threadgill et al.,that couple extracellular cues to multiple intracellular
1997; Luo, 2000; Bito et al., 2000; Brouns et al., 2000,signal transduction pathways (Grant and Husi, 2001;
2001; Billuart et al., 2001), we suggest that these mole-
Grant and O’Dell, 2001). Although the identity of these
cules play a similar role in the neuronal changes in LA
complexes and their role in neuronal signal transduction
during the formation of the memory of a fear-arousing
are being elucidated, few studies have addressed their experience.
role in memory (Zhao et al., 1999).
Classical fear conditioning, a procedure in which an Results
animal associates a neutral stimulus, such as a tone,
with an aversive event, typically a mild footshock (Le- Fear Conditioning Induces the Association of GRB2
Doux, 2000; Davis and Whalen, 2001; Maren, 2001), is with Tyrosine Phosphorylated Proteins
especially useful as a tool for studying the molecular in Lateral Amygdala
basis of long-term memory because the putative site of Five pairings of the tone with shock in rats induced long-
memory, the lateral nucleus of the amygdala (LA), has term memory, as assessed by the amount of defensive
been identified (Fanselow and LeDoux, 1999; Schafe et behavior (freezing) elicited by the tone 24 hr after training
al., 2001). For example, damage or functional inactiva- (Figure 1A; *  p  0.05 between paired and naı¨ve or
tion of the LA and adjacent areas during acquisition unpaired groups). In contrast, animals receiving non-
prevents the learning from taking place (e.g., LeDoux et overlapping (unpaired) presentations of the tone and
al., 1990; Nader et al., 2001; Helmstetter and Bellgowan, shock exhibited little freezing to the tone. Thus, although
1994; Muller et al., 1997; Wilensky et al., 1999), and both groups were exposed to the same environmental
neural activity changes in LA during learning (Quirk et stimuli, a behaviorally expressed associative memory of
al., 1995, 1997; Collins and Pare, 2000; Repa et al., 2001). the tone-shock relation was only formed in the paired
Thus, fear conditioning provides a behavioral tool and group. Naı¨ve rats placed in the conditioning apparatus
without exposure to either stimulus also exhibited mini-
mum freezing.1Correspondence: ledoux@cns.nyu.edu
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Figure 1. Fear Conditioning Induces the Association of Tyrosine Phosphorylated Proteins with GRB2
(A) Long-term memory of fear conditioning tested 24 hr after training. Rats in the paired group exhibited significantly more conditioned fear
behavior (freezing) than rats in the unpaired and naı¨ve groups (values are mean  SEM, *  p  0.05 Scheffe test; n  4 for each group).
(B1) Representative immunoblot of homogenates from lateral amygdala that were immunoprecipitated with anti-GRB2 antibodies and blotted
with anti-phosphotyrosine antibody. The level of tyrosine phosphorylated proteins that coimmunoprecipitated with GRB2 was monitored 10,
30, or 60 min following naı¨ve or paired training or 30 min following unpairing (values are mean  SEM for the p190 kDa phosphoprotein; * 
p  0.001 Scheffe test between paired and naı¨ve or unpaired groups; n  5 for naı¨ve, n  6 for paired, and n  4 for unpaired groups for
the 30 min time point and n  3 for the 10 and 60 min time points). (B2) Same as for (B1) but blotted with anti-GRB2 antibody.
The level of tyrosine phosphorylated proteins associ- ure 1B1, *  p  0.001 between paired and naı¨ve or
unpaired groups for the prominent 190 kDa phosphopro-ated with GRB2 markedly increased in the immunopreci-
pitants derived from LA of paired rats as compared to tein). The level of tyrosine phosphorylation of the 190
kDa protein in paired groups at 10 or 60 min after trainingnaı¨ve or unpaired animals 30 min following training (Fig-
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was at basal level (Figure 1B1). The level of GRB2 protein protein in the postsynaptic densities (PSDs), or the insu-
lin receptor substrate (IRS) that is known to be phos-in the immunoprecipitants was similar in all groups, indi-
phorylated on tyrosine and to bind GRB2, did not differcating that the increase of the phosphoproteins is due
between, or was not detected in, the various GRB2 im-to a difference in their recruitment to GRB2 rather than
munoprecipitants (data not shown).to an increase in the level of GRB2 protein itself (Figure
The anatomical localization of GRB2 and p190 Rho-1B2). Thus, a GRB2-mediated complex is formed specif-
GAP within LA was examined (Figure 3). By low powerically following associative pairing of the tone and
(4; Figures 3A and 3B), labeled cells were seenshock. The fact that the unpaired group was exposed
throughout the amygdala. Dense patches of peroxidaseto the same stimuli indicates that the results are not
labeling were associated with the intercalated nuclei.due to non-associative factors such as shock-induced
High-power Nomarski optics (100; Figures 3A and 3B,stress responses. Furthermore, immunoprecipitation
insets) revealed thick dendritic processes emanatingwith nonimmune rabbit IgG revealed a very low back-
from labeled cells and a dense matrix of labeled den-ground of tyrosine phosphorylated proteins (lower than
drites and puncta. Dual-label confocal analysis showedthe level detected in naı¨ve group immunoprecipitated
that these proteins colocalized in LA cell bodies andwith anti-GRB2) that was not different between paired
dendritic processes (Figure 3C). Furthermore, electronand naı¨ve groups at 30 min (n3 each). This observation
microscopic analysis revealed that both GRB2 and p190indicates that the tyrosine phosphorylated proteins, im-
RhoGAP immunolabel was localized to somata, den-munoprecipitated with anti-GRB2 antibodies, are pulled
drites, and dendritic spines (Figures 3D and 3E). Immu-down specifically through their interaction with GRB2.
nolabel in glia and axon terminals was rarely observed.The timecourse of GRB2-mediated complex forma-
Though labeled somata contained abundant cytoplasm,tion in Figure 1B1 is consistent with previous studies
they exhibited the morphological characteristics of pro-showing that learning induces a significant increase in
jection cells (e.g., their nuclei were not invaginated andphosphorylation of proteins tens of minutes following
only symmetric synapses were observed along the peri-training that rapidly subsides to basal level (e.g., Berman
karyal plasma membrane). Staining in dendrites waset al., 1998).
robust and immunolabel rimmed the microtubules and
was seen throughout the dendritoplasm. Occasionally,The 190 kDa Tyrosine Phosphorylated Protein that
only a patch of label corresponding to the spinous orBecomes Associated with GRB2 following Fear
synaptic portion of a dendrite was seen (Figures 3D andConditioning Is the p190 RhoGAP
3E). Dendritic spines were heavily labeled but the PSDThe most prominent tyrosine phosphorylated protein
was always apparent and frequently more intenselythat interacts with GRB2 following fear conditioning has
stained than the spinoplasm. The presence of these pro-a molecular weight of 190 kDa (Figure 1B1). To under-
teins in dendrites and spines is of interest since previousstand how the formation of the GRB2 complex might
studies have shown that these structures are intimatelysubserve synaptic plasticity induced by fear condition-
involved in synaptic plasticity (Nimchinsky et al., 2002).
ing in LA, we sought the identity of this protein. Modula-
tion of cell contact during early stages of neuronal devel-
GRB2 Becomes Associated with RasGAP and Shc,
opment triggers the interaction of the 190 kDa tyrosine in Lateral Amygdala, following Fear Conditioning
phosphorylated protein p190 RhoGAP with RasGAP, GRB2 becomes associated with Shc and RasGAP in
p66Shc, and GRB2 (Dupont and Blancq, 1999). p190 various biological systems (e.g., gastrulation; Dupont
RhoGAP was also shown to be involved in the regulation and Blancq, 1999). RasGAP was also shown to be asso-
of dendritic and axonal morphology (Threadgill et al., ciated with p190 RhoGAP (Settleman et al., 1992). We
1997; Brouns et al., 2000, 2001; Billuart et al., 2001) and were therefore interested to study whether GRB2 forms
to become phosphorylated on tyrosine in response to a complex with RasGAP or Shc following fear condition-
extracellular stimuli (Nakahara et al., 1998). We therefore ing. Figure 4 (A1 and B1) shows that in the LA, GRB2
studied whether p190 RhoGAP is the phosphoprotein becomes associated with RasGAP and Shc proteins
that forms the complex with GRB2 in LA following fear significantly more in paired rats as compared to un-
conditioning training. paired or naı¨ve animals 30 min following training (p 
The interaction of GRB2 with p190 RhoGAP increased 0.03 between paired and naı¨ve and p  0.003 between
in LA 30 min, but not 10 or 60 min, following pairing, as paired and unpaired for RasGAP; p  0.0006 for p46Shc;
compared to naı¨ve and unpaired groups (Figure 2A). p  0.05 for p52Shc; p  0.03 for p66Shc between paired
Thus, immunoprecipitation of GRB2 from the LA of and naı¨ve groups; and p  0.0005 for p46Shc; p  0.002
paired animals pulled down significantly more p190 for p52Shc; and p  0.05 for p66Shc between paired and
RhoGAP than immunoprecipitation of GRB2 from the unpaired groups). We could not detect complex forma-
LA of naı¨ve or unpaired groups (Figure 2A; p  0.004 tion between Shc, RasGAP, and GRB2 10 or 60 min
between paired and naı¨ve groups and p 0.01 between following training. The levels of RasGAP or Shc proteins
paired and unpaired groups). The level of GRB2 in the in the total homogenate were similar in all groups (Fig-
immunoprecipitants was similar in all groups, indicating ures 4A2 and 4B2).
that the interaction of p190 RhoGAP is not due to
changed levels of GRB2. Furthermore, the level of p190 Inhibition of the Protein Kinase ROCK in Lateral
RhoGAP in total homogenates before immunoprecipita- Amygdala Impairs Long- but Not Short-Term
tion was not changed by training (Figure 2B). Other mole- Fear Conditioning Memory Formation
cules of similar molecular weight, such as the NMDA To further elucidate whether the regulation of the Rho
pathway, downstream to p190 RhoGAP in LA, is essen-subunit NR2B, a prominent tyrosine phosphorylated
Neuron
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Figure 2. p190 RhoGAP Becomes Associated with GRB2 Protein following Fear Conditioning Training
(A) Representative immonoblot of protein samples extracted from lateral amygdala 30 min following training and immunoprecipitated with
anti-GRB2 antibodies followed by immunoblotting with anti-p190 antibodies. The level of p190 RhoGAP that coimmunoprecipitated with GRB2
was monitored 10, 30, and 60 min following naı¨ve or paired training and 30 min following unpairing (values are mean  SEM; *  p  0.004
between paired and naı¨ve and *  p  0.01 between paired and unpaired; Scheffe test; n  5 for naı¨ve, n  6 for paired, and n  4 for
unpaired groups for the 30 min time point and n  3 for the 10 and 60 time points). (B) The same samples as (A) before immunoprecipitation
(total homogenate). Blots were incubated with anti-p190 antibodies. Square—naı¨ve group; diamond—paired group; circle—unpaired group.
tial for the formation of fear conditioning memory, we The Y-27632 microinjected animals were not signifi-
cantly impaired in tone memory when tested 1 hr afterinhibited the protein kinase ROCK which is one of the
best-characterized Rho effector molecules (Amano et al., training (short-term memory; STM) when compared to
the ACSF microinjected animals (Figure 5A). This result2000). We utilized the ROCK inhibitor Y-27632, which has
been shown to be cell permeable, nontoxic, and highly shows that the animals can acquire fear conditioning
but cannot consolidate the STM into LTM. These ani-specific for ROCK (Ki  0.14 M; Uehata et al., 1997;
Narumiya et al., 2000). The inhibitory effect of Y-27632 mals, when retrained drug free, showed intact LTM (Fig-
ure 5B). This observation indicates that Y-27632 causedis rapid (within 30 min of application) and reversible
(within hrs; Uehata et al., 1997). no functional damage to amygdala.
Microinjection of Y-27632 into the LA 1.5 hr beforeMicroinjection of Y-27632 into the LA 30 min before
fear conditioning training significantly impaired long- the LTM test (similar to the time before the 1 hr STM
test) did not affect the retrieval of tone memory as com-term memory (LTM) for the tone (tested 24 hr after train-
ing) as compared to microinjection of the vehicle (artifi- pared to the ACSF animals (Figure 5C). This finding
shows that Y-27632 has no effects on brain facultiescial cerebral spinal fluid, ACSF) (Figure 5A; p  0.008).
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Figure 3. Photomicrographs Illustrating GRB2
and p190 RhoGAP Immunolabel in the
Amygdala
(A) Low power (4) photomicrograph shows
the distribution of GRB2-ir in the amygdala.
Labeled cells are distributed across the dif-
ferent nuclei of the amygdala. Arrowheads
point to the dense patches of immunolabel
associated with the intercalated nuclei. The
trapezoid corresponds to region sampled for
electron microscopic analysis and the aster-
isk to the region shown at higher magnifica-
tion in inset. Inset: higher power Nomarski
optics (100) show a thick dendritic process
(arrowheads) emanating from a labeled cell
body. Within the dense matrix of labeled den-
dritic processes, stained puncta (arrows) can
be seen. (B) p190 RhoGAP-labeled cells are
seen throughout the various nuclei of the
amygdala. Arrowheads indicate dense stain-
ing in the intercalated nuclei. Asterisk corre-
sponds to region shown at higher magnifica-
tion in inset. Inset: high power (100)
Nomarski optics reveal intensely labeled
cells, their proximal dendrites (arrowheads)
and labeled punctate processes (arrows). (C)
Confocal micrograph shows that GRB2
(green) and p190 RhoGAP (red) are colo-
calized within cell bodies (arrowheads) and
dendritic processes (arrows). (D) Electron mi-
crograph shows GRB2 immunolabel within a
dendrite (LD) rims the microtubules (arrow-
heads) and is intensely expressed within its
spinous portion (LSP) and at the PSD (aster-
isks). Unlabeled dendrites (ud), spines (usp),
and terminals (ut) are shown for comparison.
(E) p190 RhoGAP immunolabel (arrowheads)
is seen in discreet patches within a dendrite.
The spinous portion of the dendrite is also
labeled (LSp). A labeled spine (LSp), unla-
beled spines (usp), and unlabeled terminals
(ut) are also shown. Scale bar  100 m for
(A) and (B), 10 m for insets of (A) and (B), 10
m for (C), and 500 nm for (D) and (E). B—
basal nucleus of the amygdala; Ce—central
nucleus of the amygdala; LAd— lateral nu-
cleus of the amygdala, dorsal division; LAvl—
lateral nucleus of the amygdala, ventral lateral
division; LAvm—lateral nucleus of the amyg-
dala, ventral medial division.
needed for sensory perception and fear memory ex- RhoGAP pathway, ROCK, in LA during training impaired
long-term, but not short-term, memory of the tone-pression.
shock association. These findings suggest that p190
RhoGAP and its downstream effector ROCK play anDiscussion
important role in fear memory formation in LA.
The involvement of the Rho-regulatory protein p190In the present study, we have shown that associative
RhoGAP in LA in fear conditioning is interesting in lightfear conditioning, leading to long-term tone memory,
of the fact that this protein has been shown to play ainduces the formation of a protein complex in the lateral
central role in molecular regulation of dendritic and axo-amygdala (LA) that includes GRB2 and p190 RhoGAP.
nal morphology and synaptic connectivity during devel-Unpaired training that exposed the animals to the same
opment (Threadgill et al., 1997; Brouns et al., 2000, 2001;sensory inputs but without inducing an association be-
Billuart et al., 2001), events also believed to underlietween the tone and shock did not produce such a complex.
changes in synaptic efficiency during learning (Dudai,This indicates that the formation of the GRB2-mediated
1989; Kandel, 2001). Mice lacking functional p190 Rho-complex is not due to stress or other non-associative
GAP exhibit defects in axon guidance and fasciculationfactors but is instead triggered by coincident occurrence
(Brouns et al., 2001). Conversely, overexpression of thisof the tone and shock and may therefore be related to
protein in neuroblastoma cells promotes extensive neu-long-term memory of the tone-shock association. In-
deed, inhibition of a downstream effector of the p190 rite outgrowth (Brouns et al., 2001). It has also been
Neuron
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Figure 4. Fear Conditioning Induces the Interaction of RasGAP and Shc with GRB2 Protein
Lateral amygdala protein samples extracted 30 min following training were immunoprecipitated with anti-GRB2 antibodies. Blots were incubated
with anti-RasGAP antibodies (A1) or anti-Shc (B1) antibodies (values are mean  SEM; *  p  0.03 between paired and naı¨ve and *  p 
0.003 between paired and unpaired for RasGAP; and *  p  0.0006 for p46Shc, p  0.05 for p52Shc, p  0.03 for p66Shc between paired and
naı¨ve and p  0.0005 for p46Shc, p  0.002 for p52Shc, and p  0.05 for p66Shc between paired and unpaired; Scheffe test; n  4 for all groups).
(A2) and (B2) are representative blots from total homogenates of same samples of (A1) and (B1) that were incubated with anti-RasGAP or
anti-Shc antibodies, respectively.
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Figure 5. Inhibition of ROCK Activity in LA Impairs Long- but Not Short-Term Fear Conditioning Memory Formation
(A) Microinjection of Y-27632 ROCK inhibitor (8.56 g/0.5 l/hemisphere) into the LA 30 min before fear conditioning training significantly
impaired long-term but not short-term memory as compared to ACSF injected animals (p  0.008; n  4 for ACSF, n  6 for Y-27632). (B)
The same rats from (A) that were retrained drug free and showed intact long-term memory. (C) Microinjection of Y-27632 (8.56 g/0.5 l/
hemisphere) into LA 1.5 hr before test had no effect on memory retrieval (n  4 each group). (D) Cannula placements (white circles: ACSF
before training, black circles: Y-27632 before training, white triangles: ACSF before memory test, and black triangles: Y-27632 before memory test).
shown that overexpression of p190 RhoGAP in E18/19 that the reason why only a small number of the Drosoph-
ila RhoGAP genes exhibited the phenotype during devel-rat cortical cells causes marked reduction in the number
of primary dendrites in nonpyramidal neurons and in the opment could come from their pattern of expression,
unique subcellular localization, and their ability to formnumber of basal dendrites in pyramidal neurons (Thread-
gill et al., 1997). Interestingly, Billuart et al. (2001) have a specific signaling complex.
At the molecular level, evidence is available that p190shown recently that inactivation of p190 RhoGAP in the
Drosophila mushroom body (MB) neurons results in RhoGAP is involved in mediating actin reorganization.
Specifically, in p190 RhoGAP mutant mice, polymerizedaxon branch retraction. p190 RhoGAP activity was also
found to be negatively regulated by Src and integrin. actin accumulates extensively in cells of the neural tube
floor, suggesting that p190 RhoGAP plays a role in regu-The authors suggest the possibility that the regulation
of p190 RhoGAP in the MB, the Drosophila olfactory lating actin assembly (Brouns et al., 2000). p190 RhoGAP
has also been implicated in signal transduction down-learning and memory center, may contribute to the phys-
iological plasticity essential for memory formation. They stream to extracellular matrix and cellular adhesion re-
sponsive receptors, a molecular pathway important inalso advance the hypothesis, relevant to our findings,
Neuron
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Figure 6. A Model of Synaptic Plasticity in LA
Mediated by a GRB2 Protein Complex
Formed during Associative Fear Conditioning
(A) Under unstimulated baseline conditions,
or when animals are subjected to a tone (CS)
and a shock (US) in a non-associative man-
ner, the GRB2-mediated complex is absent.
Given that previous studies have suggested
that Src phosphorylation negatively regulates
p190 RhoGAP (e.g., Billuart et al., 2001), an
unphosphorylated p190 RhoGAP in these an-
imals is presumed to be active and maintains
ROCK in an inactivated state. (B) GRB2-medi-
ated complex is formed when animals un-
dergo associative conditioning in which the
CS and US are paired. On the basis of recent
studies implicating calcium influx in lateral
amygdala-dependent fear conditioning (Weiss-
kopf et al., 1999; Blair et al., 2001; Bauer et
al., 2002; Rodrigues et al., 2002) and showing
a role of calcium-mediated activation of tyro-
sine kinases in synaptic plasticity in other
brain areas (Huang et al., 2001), we propose
the following model. During fear conditioning,
influx of calcium through voltage-gated cal-
cium channels and NMDA receptors activates
non-receptor tyrosine kinases, such as PYK2,
which, in turn, activate Src, and the GRB2-
mediated complex is formed. Members of the
the Src family of kinases are the main en-
zymes that phosphorylate also p190 RhoGAP
and Shc (Brouns et al., 2001). p190 RhoGAP is negatively regulated by Src phosphorylation, leading to net activation of RhoA and ROCK, by
yet an unknown RhoGEF, and to changes in cytoskeleton that regulate synaptic efficacy in LA. Arrow: activate; T-arrow: inhibit. The thickness
of lines corresponds to level of activity.
modulation of synaptic contacts and growth of neuronal (Nakayama et al., 2000), axon outgrowth in cerebellar
granule neurons (Bito et al., 2000), axon branch retrac-processes. For example, neurite outgrowth is strongly
promoted in p190 RhoGAP-transfected N2A cells within tion in Drosophila mushroom body (Billuart et al., 2001),
and dendritic arbor growth in tectal ventricle of Xenopus1 hr following surface coating with the integrin binding
extracellular matrix protein laminin (Brouns et al., 2001), (Li et al., 2002). ROCK phosphorylated substrates (e.g.,
myosin light chain, LIM kinase, and collapsin responseand dissociation of cell contacts between blastula ecto-
dermal cells induces the formation of p66Shc-RasGAP- mediator protein-2 [CRMP2]; see Kimura et al., 1996;
Arber et al., 1998; Amano et al., 2000) have also beenp190 RhoGAP complex (Dupont and Blancq, 1999).
Thus, p190 RhoGAP may underlie alteration of synaptic shown to be involved in stress fiber formation and in
mediating growth cone morphogenesis (e.g., Totsukawaconnectivity within the LA by mediating adhesion mole-
cule activities or by regulation of actin rearrangement, et al., 2000). Further, inactivation of p190 RhoGAP leads
to axon branch retraction, a phenotype mimicked bywhich have been shown, in certain cases, to go hand
in hand. Adhesion molecules and actin reorganization activation of RhoA or its effector kinase Drok (the Dro-
sophila ROCK homolog; Billuart et al., 2001). This latterhave also been implicated in neuronal plasticity and
memory formation (Grotewiel et al., 1998; Chang et al., study also showed that Src negatively regulates p190
RhoGAP. Phosphorylation of p190 RhoGAP by Src has2001; Hatada et al., 2000; Krucker et al., 2000).
We suggest that the effects of p190 RhoGAP on fear also been shown to abolish its capability to bind GTP,
which is necessary for its GAP activity (Roof et al., 2000;conditioning occur via the Rho/ROCK pathway (see Fig-
ure 6). Because ROCK is a Rho effector downstream Tatsis et al., 1998). The various findings above suggest
that phosphorylation of p190 RhoGAP in LA might leadto p190 RhoGAP, we assessed the effects of ROCK
inhibition on fear conditioning. Our finding that adminis- to its inactivation, resulting in net activation of RhoA
and ROCK by yet unknown RhoGEF. The regulated acti-tration of the ROCK inhibitor prior to conditioning af-
fected long-term but not short-term memory is consis- vation of ROCK in LA by its upstream regulator Rho,
initiated by inactivation of p190 RhoGAP, might thentent with a role of the Rho/ROCK pathway in long-term
memory formation. induce morphological changes needed to support long-
term memory (See discussion below and the model inAlthough this study provides evidence for a role of
the Rho/ROCK pathway in memory, previous studies Figure 6).
We also found that in LA, GRB2 coimmunoprecipi-have implicated it in other forms of neural plasticity,
especially during development. For example, ROCK has tated with Shc and RasGAP significantly more in paired
animals than in naı¨ve or unpaired rats (Figures 4A1 andbeen shown to mediate the effects of RhoA on neurite
retraction in neuroblastoma cells (Hirose et al., 1998), 4B1). The formation of this complex is probably medi-
ated by tyrosine phosphorylation of the proteins sincedendritic retraction in hippocampal pyramidal neurons
p190 RhoGAP and ROCK in Amygdala Fear Memory
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Reagentsother studies have shown that tyrosine phosphorylation
Anti-p190 (G19020), -GRB2 (G16720), -RasGAP (G12920), and -Shcof Shc promotes its interaction with SH2-containing pro-
(S68020) antibodies were from Transduction Laboratories (Lexington,teins such as GRB2 (Cattaneo and Pelicci, 1998). Fur-
Kentucky) and anti-phosphotyrosine antibody (61-5800) was pur-
thermore, p190 RhoGAP phosphorylation by the Src chased from Zymed (San Francisco, California). For immunoprecipi-
proteins induces its interaction with SH2-containing tation, agarose-conjugated anti-GRB2 (sc-255 AC) was a product
of Santa Cruz Biotechnology (Santa Cruz, California). For immuno-proteins such as p120 RasGAP (Hu and Settleman, 1997;
histochemistry, anti-GRB2 was from Santa Cruz (sc-255). HRP-pro-Roof et al., 1998). A GRB2-p66Shc-RasGAP-p190 Rho-
tein A (NA9120) and an enhanced chemoluminiscence (ECL) kit (RPNGAP complex was observed during early morphogenic
2106) were from Amersham Pharmacia Biotech (Piscataway, New
events of gastrulation and is modulated by changes in Jersey). HRP-goat anti-mouse (115-035-146) was from Jackson Im-
cell contacts (Dupont and Blancq, 1999). The formation munoResearch Laboratories (West Grove, Pennsylvania). ROCK in-
of this molecular complex, in LA, may promote the trans- hibitor, Y-27632, was from Biomol (Plymouth Meeting, Pennsylva-
nia). All chemicals were of analytical grade or the highest gradelocation of p190 RhoGAP by Shc or GRB2 to a distinct
available.neuronal area in close proximity to its site of action. For
example, GRB2 and members of the Rho GTPase family
Fear Conditioning Procedurebind to N-WASP, a protein involved in actin polymeriza-
Fear conditioning took place in a Plexiglas rodent conditioning
tion (Snapper and Rosen, 1999). In addition, extracellular chamber with a metal grid floor (model E10-10; Coulbourn Instru-
stimulation, such as activation of integrin, induces rapid ments, Lehigh Valley, Pennsylvania), dimly illuminated by a single
translocation of p190 RhoGAP to cytoskeleton and house light and enclosed within a sound-attenuating chamber
(model E10-20). Rats were habituated to the training chamber formembrane ruffling where it colocalized with polymerized
15 min for 3 days. On the fourth day the rats were divided into threeactin (Nakahara et al., 1998; Sharma, 1998). It is therefore
groups: (1) naı¨ve group exposed to the chamber for 14 min; (2) pairedplausible that fear conditioning couples p190 RhoGAP
group presented with five pairings of tone for 20 s (CS: conditioned
to the cytoskeleton via GRB2 and induces modulation stimulus; 5 kHz, 75 dB) that co-terminated with a foot shock (US:
of actin dynamics as well as changes in dendritic and unconditioned stimulus; 0.5 s, 1.3 mA); and (3) unpaired group which
received non-overlapping presentations of the CS and US. For thespine morphology in LA. Actin dynamics are involved
ROCK inhibition studies, the animals were habituated for 15 min ain remodeling the morphology of dendrites and spines
day prior to training. Animals were trained with two CS-US pairing(Matus, 2000), and these structures have been strongly
(CS: 30 s tone, 5 kHz, 75 dB; US: 1 s of 1.5 mA footshock that co-
implicated in synaptic plasticity (Nimchinsky et al., terminated with the tone).
2002). For example, induction of LTP is associated with
the production of dendritic spines and filopodia (Nim- Testing of Conditioned Fear Memory
chinsky et al., 2002), and inhibition of actin dynamics Rats were tested 1 hr (short-term memory) and/or 24 hr (long-term
memory) after conditioning for tone memory in a different chambersuppresses LTP (Krucker et al., 2000). The presence of
than the conditioning chamber. The chamber was brightly illumi-both p190 RhoGAP and GRB2 in dendrites and spines
nated with three house lights and contained a flat black Formica(Figures 3D and 3E) suggests that these molecules might
floor that had been washed with peppermint soap. Animals were
work in concert to induce the structural changes that videotaped during testing for later scoring. After a 3–5 min acclima-
confer synaptic specificity to memories. tion period to the test chamber, rats were presented with five 30 s
tones (20 s for the five pairing animals; 5 kHz, 75 dB; intertrial interval:In Figure 6, we propose a model to account for the
100 s). After tone testing, rats returned to their home cages and to theresults reported here. In brief, during associative fear
colony. Freezing of animals during tone presentation was scored.conditioning, influx of calcium through voltage-gated
Differences among groups were evaluated using ANOVA (Scheffe
calcium channels and NMDA receptors (Blair et al., 2001; contrast tests were used with an  level of 0.05).
Bauer et al., 2002; Rodrigues et al., 2002) activates non-
receptor tyrosine kinases, such as PYK2, which, in turn, Tissue Dissecting, Immunoprecipitation,
activate Src (Huang et al., 2001). As a result, the GRB2- and Immunoblotting
Rats were sacrificed at indicated time points (see the Results sec-mediated complex is formed. The phosphorylated p190
tion) following fear conditioning training and their brains were rapidlyRhoGAP becomes inactivated (e.g., Billuart et al., 2001),
removed and frozen on dry ice. The lateral amygdala nucleus (andleading to a net ROCK activation. Consequently, struc-
the adjacent region) was punched from frozen brain with a blunted
tural changes in synaptic connectivity, which are be- 0.5 mm diameter sample corer (Fine science tools, Foster City,
lieved to underlie long-term memory (see Weiler et al., California) and kept at 80C. Tissue was then homogenized, using
a glass-Teflon homogenizer, in homogenizing buffer (25 mM Tris-1995; Kandel, 2001), occur. The exact manner in which
HCl [pH  7.4], 2 mM sodium orthovanadate, 0.5 mM EGTA, 2a yet unknown RhoGEF leads to net activation of RhoA
mM EDTA, 10 mM NaF, 10 mM sodium pyrophosphate, 80 mMand ROCK, and to changes in cytoskeleton organization
	-glycerophosphate, 25 mM NaCl, 1% Tx-100, and protease inhibi-
that regulate synaptic efficacy in LA, is a topic for further tor cocktail 1:1000 [Sigma]). Equal amounts of protein (25–50 g;
investigation. measured by Lowry) for all groups were subjected to immunoprecip-
itation. The homogenates were incubated with gentle agitation at
4C with 6g agarose-GRB2 antibodies for 2 hr. The immunoprecipi-
Experimental Procedures tates were washed thrice with homogenizing buffer, boiled in Laemli
SDS-sample buffer for 3 min, and subjected to SDS-PAGE and
Animals immunoblotting. Blots were blocked with blocking buffer (5% nonfat
All studies involved male Sprague Dawley rats (Hilltop Labs, Scott- dry milk in wash buffer [10 mM Tris (pH 7.5), 100 mM NaCl, 0.1%
dale, Pennsylvania), weighing 250–300 g. The animals were housed Tween 20]) or, for anti-phosphotyrosine antibodies, 1% BSA in wash
separately in plastic Nalgene cages and placed on a 12 hr light/ buffer (0.9% NaCl, 0.05% Tween 20, and 10 mM Tris [pH 7.6]) for 1 hr
dark cycle with ad libitum food and water. All procedures were in at room temperature. Blots were subjected to the primary antibody
accordance with the National Institutes of Health guide and were (p190 1:500, GRB2 1:5000, RasGAP 1:1000, Shc 1:1000, or anti-
approved by the New York University Animal Care and Use Com- phosphotyrosine 1:1500) in wash buffer containing 5% nonfat dry
milk (wash buffer without BSA for anti-phosphotyrosine) for 1 hr atmittee.
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room temperature. Blots were washed with wash buffer for 30 min. equipped with internal cannulas that extended out 1.5 mm from the
base of the guide cannulae, aimed to the lateral amygdaloid nucleusThe blots were then subjected to HRP-conjugated goat anti-mouse
(1:2000) or HRP-linked protein A (1:20,000 for anti-phosphotyrosine) (LA; coordinates in reference to bregma: anteroposterior (AP), []
3.0; lateral (L),  5.3; and dorsoventral (DV), [] 8.0] (Paxinos andin wash buffer containing 5% nonfat dry milk (wash buffer without
BSA for anti-phosphotyrosine) for 1 hr at room temperature. Blots Watson, 1986). The cannulas were fixed in place with acrylic dental
cement and secured by three skull screws, and internal cannulaswere washed with wash buffer for 30 min. The blots were subjected
to ECL for 1 min and exposed to X-ray film. The films were scanned removed. Dummy cannula that was 0.5 mm longer than the chronic
cannula was placed in the guide cannula to prevent clogging. After(Snapscan1212, AGFA) and the intensity of the protein bands on
the film was analyzed using the Intelligent Quantifier (V.3.0) software surgery, rats were administered butorphanol tartrate (2.0 mg/kg,
i.p.; Torbugesic; Fort Dodge Laboratories, Fort Dodge, Iowa) and(Genomic Solutions, Ann Arbor, Michigan). Differences among
groups were evaluated using ANOVA (Scheffe contrast tests were atipamezole (1.0 mg/kg, i.p.; Antisedan; Pfizer) for analgesia and
reversal of the anesthetic. Animals were allowed 1 week to recuper-used with an  level of 0.05).
ate before being subjected to experimental manipulations.
Immunohistochemistry
MicroinjectionRats were anaesthetized with pentobarbital (100 mg/kg i.p.) and
The dummy cannula was removed from the guide cannula, and aperfused intracardially with fixative. The brains were removed, post-
28 gauge injection cannula was carefully inserted and lowered 1.5fixed, and sectioned on a vibratome. Sections were blocked in phos-
mm below the tip of the guide cannula. The injection cannula wasphate-buffered saline (PBS) containing 1% (w/v) bovine serum albu-
connected via polyurethane tubing, back-filled with sesame oil withmin (BSA) for 30 min followed by overnight incubation at room
a small air bubble separating the oil from the drug solution, to a 1.0temperature with rabbit anti-GRB2 antibodies (1:50) or mouse anti-
l Hamilton syringe. Microinjection was driven by an infusion pumpp190 antibodies (1:50) in blocking solution. The tissue was washed
at a rate of 0.25 l/min. ROCK inhibitor Y-27632, dissolved in ACSF,thrice, 5 min each, with PBS. The slices were incubated with anti-
was microinjected bilaterally (8.56 g/0.5 l/hemisphere) at themouse (for p190) or anti-rabbit biotinylated IgG (Vector) in PBS
times indicated (see Results). After microinjection, the injection can-containing 1% BSA for 30 min. The slices were washed thrice, 5
nula was left for an additional 1 min before withdrawal to reducemin each. Slices were then incubated with ABC solution (Vector) for
efflux of injection liquid along the injection tract.30 min followed by incubation with DAB and hydrogen peroxidase
(Sigma) in PBS. In controls, primary antibody was omitted to evalu-
Histologyate cross reactivity. In these controls, no staining was detected in
To verify the injection cannula tip location, rats were anesthetizedamygdala. Images were acquired using a Zeiss Axiophot micro-
with chloral hydrate (600 mg/kg, i.p.) and perfused transcardiallyscope attached to a Coolsnap digital camera (Roper Scientific) and
with 10% buffered formalin. Brains were postfixed in 30% sucroseprocessed with Adobe Photoshop.
in 10% buffered formalin. Postfixed brains were sectioned on aFor double-labeling, slices were sectioned from brain as de-
cryostat at 50 m, and stained for Nissl with thionin. Sections werescribed above and incubated for 30 min in PBS containing 1% BSA
coverslipped with Permount and examined by light microscopy forfollowed by overnight co-incubation with rabbit anti-GRB2 antibody
injector tip location.(1:50) and mouse anti-p190 (1:50). Slices were then rinsed thrice
with PBS and incubated for 1 hr with Alexa Fluor 488 goat anti-
Acknowledgmentsrabbit (1:200) and Alexa Fluor 594 goat anti-mouse (1:200; Molecu-
lar Probes, Inc.). Slices were rinsed thrice with PBS. Tissue sections
We thank Keren Paz for excellent advice and discussions. Thiswere analyzed using a Zeiss 310 laser confocal microscope
work was supported by NIH grants MH58911, MH46516, MH38774,equipped with an argon-krypton laser. Immunofluorescent signals
MH00956, and a Human Frontier Science Program postdoctoralwere captured sequentially using the 488 (green) and 543 (red) chan-
fellowship.nels and processed using Adobe Photoshop. Control experiments
included omitting the primary antibodies. When primary antibody
Received: April 4, 2002was omitted to evaluate cross-reactivity to IgGs, no staining was
Revised: September 16, 2002detected in amygdala or other brain regions. Additional controls
were performed by mismatching the secondary antibody in single-
Referenceslabel experiments. Finally, single-labeled material was scanned into
the correct and incorrect channels. Control studies showed that the
Amano, M., Fukata, Y., and Kaibuchi, K. (2000). Regulation andsecondary antibodies were specific for mouse or rabbit IgG’s and
function of Rho-associated kinase. Exp. Cell Res. 261, 44–51.that “bleed-through” of labels into the inappropriate channels did
not occur. Arber, S., Barbayannis, F.A., Hanser, H., Schneider, C., Stanyon,
Tissue sections designated for EM were processed as previously C.A., Bernard, O., and Caroni, P. (1998). Regulation of actin dynam-
described (Farb and LeDoux, 1997). In brief, immunolabeled amyg- ics through phosphorylation of cofilin by LIM-kinase. Nature 393,
dala tissue sections were incubated in 1% osmium tetraoxide/PB 805–809.
for 60 min, dehydrated in a graded series of alcohols, stained en Bauer, E.P., Schafe, G.E., and LeDoux, J.E. (2002). NMDA receptors
bloc in uranyl acetate, further dehydrated in acetone, and subse- and L-type voltage-gated calcium channels contribute to long-term
quently flat-embedded in Epon. Portions of the tissue containing potentiation and different components of fear memory formation in
the amygdala were embedded in Beem capsules and placed at 60C the lateral amygdala. J. Neurosci. 22, 5239–5249.
for 18–24 hr. A camera lucida drawing was made of the amygdala,
Berman, D.E., Hazvi, S., Rosenblum, K., Seger, R., and Dudai, Y.and ultrathin sections (85 nm) from the amygdala were cut and
(1998). Specific and differential activation of mitogen-activated pro-collected on 8–12 nickel grids. The tissue was examined using a
tein kinase cascades by unfamiliar taste in the insular cortex of theJEOL 1200EX electron microscope at magnifications of 10–15,000.
behaving rat. J. Neurosci. 18, 10037–10044.Neuronal and glial elements were classified using the definitions as
Billuart, P., Winter, C.G., Maresh, A., Zhao, X., and Liqun, L. (2001).previously described in the amygdala (Farb and LeDoux, 1997).
Regulating axon branch stability: the role of p190 RhoGAP in re-
pressing a retraction signaling pathway. Cell 107, 195–207.
Surgical Procedure
Bito, H., Furuyashiki, T., Ishihara, H., Shibasaki, Y., Ohashi, K., Mi-Microinjection into the lateral amygdala was performed via chroni-
zuno, K., Maekawa, M., Ishizaki, T., and Narumiya, S. (2000). A criticalcally implanted cannulas. For surgery, rats were anesthetized with
role for a Rho-associated kinase, p160ROCK, in determining axona mixture of ketamine (100 mg/kg, i.p.; Ketaset; Phoenix, St. Joseph,
outgrowth in mammalian CNS neurons. Neuron 26, 431–441.Missouri), xylazine (6.0 mg/kg, i.p.; Xyla-Jet; Phoenix, Arizona), and
medetomidine (0.5 mg/kg, i.p.; Domitor; Pfizer, New York, New York), Blair, H.T., Schafe, G.E., Bauer, E.P., Rodrigues, S.M., and LeDoux,
J.E. (2001). Synaptic plasticity in the lateral amygdala: a cellularrestrained in a stereotaxic apparatus (Kopf), and implanted bilater-
ally with guide cannulas (22 gauge; Plastics One, Roanoke, Virginia), hypothesis of fear conditioning. Learn. Mem. 8, 229–242.
p190 RhoGAP and ROCK in Amygdala Fear Memory
737
Brouns, M.R., Matheson, S.F., Hu, K.Q., Delalle, I., Caviness, V.S., filaments are required for stable long-term potentiation (LTP) in area
CA1 of the hippocampus. Proc. Natl. Acad. Sci. USA 97, 6856–6861.Silver, J., Bronson, R.T., and Settleman, J. (2000). The adhesion
signaling molecule p190 RhoGAP is required for morphogenetic LeDoux, J.E. (2000). Emotion circuits in the brain. Annu. Rev. Neu-
processes in neural development. Development 127, 4891–4903. rosci. 23, 155–184.
Brouns, M.R., Matheson, S.F., and Settleman, J. (2001). p190 Rho- LeDoux, J.E., Cicchetti, P., Xagoraris, A., and Romanski, L.M. (1990).
GAP is the principal Src substrate in brain and regulates axon out- The lateral amygdaloid nucleus: sensory interface of the amygdala
growth, guidance and fasciculation. Nat. Cell Biol. 3, 361–367. in fear conditioning. J. Neurosci. 10, 1062–1069.
Buday, L. (1999). Membrane-targeting of signaling molecules by Li, Z., Aizenman, C.D., and Cline, H.T. (2002). Regulation of Rho
SH2/SH3 domain-containing adaptor proteins. Biochim. Biophys. GTPases by crosstalk and neuronal activity in vivo. Neuron 33,
Acta 1422, 187–204. 741–750.
Cattaneo, E., and Pelicci, P.G. (1998). Emerging roles for SH2/PTB- Luo, L. (2000). Rho GTPases in neuronal morphogenesis. Nat. Rev.
containing Shc adaptor proteins in the developing mammalian brain. Neurosci. 1, 173–180.
Trends Neurosci. 21, 476–481.
Luo, L. (2002). Actin cytoskeleton regulation in neuronal morphogen-
Chang, H.P., Ma, Y.L., Wan, F.J., Tsai, L.Y., Lindberg, F.P., and esis and structural plasticity. Annu. Rev. Cell Dev. Biol. 18, 601–635.
Lee, E.H. (2001). Functional blocking of integrin-associated protein
Maren, S. (2001). Neurobiology of Pavlovian fear conditioning. Annu.
impairs memory retention and decreases glutamate release from
Rev. Neurosci. 24, 897–931.
the hippocampus. Neuroscience 102, 289–296.
Matus, A. (2000). Actin-based plasticity in dendritic spines. Science
Collins, D.R., and Pare, D. (2000). Differential fear conditioning in-
290, 754–758.
duces reciprocal changes in the sensory responses of lateral amyg-
Muller, J., Corodimas, K.P., Fridel, Z., and LeDoux, J.E. (1997). Func-dala neurons to the CS(
) and CS(). Learn. Mem. 7, 97–103.
tional inactivation of the lateral and basal nuclei of the amygdala
Davis, M., and Whalen, P.J. (2001). The amygdala: vigilance and
by muscimol infusion prevents fear conditioning to an explicit condi-
emotion. Mol. Psychiatry 6, 13–34.
tioned stimulus and to contextual stimuli. Behav. Neurosci. 111,
Dudai, Y. (1989). The Neurobiology of Memory. Concepts, Findings, 683–691.
Trends (Oxford: Oxford University Press).
Nader, K., Majidishad, P., Amorapanth, P., and LeDoux, J.E. (2001).
Dupont, H., and Blancq, M. (1999). Formation of complexes involving Damage to the lateral and central, but not other, amygdaloid nuclei
RasGAP and p190 RhoGAP during morphogenetic events of the prevents the acquisition of auditory fear conditioning. Learn. Mem.
gastrulation in xenopus. Eur. J. Biochem. 265, 530–538. 8, 156–163.
Fanselow, M.S., and LeDoux, J.E. (1999). Why we think plasticity Nakahara, H., Mueller, S.C., Nomizu, M., Yamada, Y., Yeh, Y., and
underlying Pavlovian fear conditioning occurs in the basolateral Chen, W.T. (1998). Activation of beta1 integrin signaling stimulates
amygdala. Neuron 23, 229–232. tyrosine phosphorylation of p190RhoGAP and membrane-protru-
sive activities at invadopodia. J. Biol. Chem. 273, 9–12.Farb, C.R., and LeDoux, J.E. (1997). NMDA and AMPA receptors in
the lateral nucleus of the amygdala are postsynaptic to auditory Nakayama, A.Y., Harms, M.B., and Luo, L. (2000). Small GTPases
thalamic afferents. Synapse 27, 106–121. Rac and Rho in the maintenance of dendritic spines and branches
in hippocampal pyramidal neurons. J. Neurosci. 20, 5329–5338.Grant, S.G.N., and Husi, H. (2001). Proteomics of multiprotein com-
plexes: answering fundamental questions in neuroscience. Trends Narumiya, S., Ishizaki, T., and Uehata, M. (2000). Use and properties
Biotechnol. 19, S49–S54. of ROCK-specific inhibitor Y-27632. Methods Enzymol. 325,
273–284.Grant, S.G.N., and O’Dell, T.J. (2001). Multiprotein complex signaling
and the plasticity problem. Curr. Opin. Neurobiol. 11, 363–368. Nimchinsky, E.A., Sabatini, B.L., and Svoboda, K. (2002). Structure
and function of dendritic spines. Annu. Rev. Physiol. 64, 313–353.Grotewiel, M.S., Beck, C.D., Wu, K.H., Zhu, X.R., and Davis, R.L.
(1998). Integrin-mediated short-term memory in Drosophila. Nature Paxinos, G., and Watson, C. (1986). In The Rat Brain in Stereotaxic
391, 455–460. Coordinates, Ed. 2 (San Diego, CA: Academic Press).
Hatada, Y., Wu, F., Sun, Z.Y., Schacher, S., and Goldberg, D.J. Quirk, G.J., Repa, J.C., and LeDoux, J.E. (1995). Fear conditioning
(2000). Presynaptic morphological changes associated with long- enhances short-latency auditory responses of lateral amygdala neu-
term synaptic facilitation are triggered by actin polymerization at rons: parallel recordings in the freely behaving rat. Neuron 15, 1029–
preexisting varicositis. J. Neurosci. 20, RC82. 1039.
Helmstetter, F.J., and Bellgowan, P.S. (1994). Effects of muscimol Quirk, G.J., Armony, J.L., and LeDoux, J.E. (1997). Fear conditioning
applied to the basolateral amygdala on acquisition and expression enhances different temporal components of tone-evoked spike
of contextual fear conditioning in rats. Behav. Neurosci. 108, 1005– trains in auditory cortex and lateral amygdala. Neuron 19, 613–624.
1009.
Repa, J.C., Muller, J., Apergis, J., Desrochers, T.M., Zhou, Y., and
Hirose, M., Ishizaki, T., Watanabe, N., Uehata, M., Kranenburg, O., LeDoux, J.E. (2001). Two different lateral amygdala cell populations
Moolenaar, W.H., Matsumura, F., Maekawa, M., Bito, H., and Naru- contribute to the initiation and storage of memory. Nat. Neurosci.
miya, S. (1998). Molecular dissection of the Rho-associated protein 4, 724–731.
kinase (p160ROCK)-regulated neurite remodeling in neuroblastoma
Ridley, A.J., Self, A.J., Kasmi, F., Paterson, H.F., Hall, A., Marshall,N1E–115 cells. J. Cell Biol. 141, 1625–1636.
C.J., and Ellis, C. (1993). rho family GTPase activating proteins p190,
Hu, K.Q., and Settleman, J. (1997). Tandem SH2 binding sites medi- bcr and rhoGAP show distinct specificities in vitro and in vivo. EMBO
ate the RasGAP-RhoGAP interaction: a conformational mechanism J. 12, 5151–5160.
for SH3 domain regulation. EMBO J.16, 473–483.
Rodrigues, S.M., Bauer, E.P., Farb, C.R., Schafe, G.E., and LeDoux,
Huang, Y., Lu, W., Ali, D.W., Pelkey, K.A., Pitcher, G.M., Lu, Y.M., J.E. (2002). The group I metabotropic glutamate receptor mGluR5
Aoto, H., Roder, J.C., Sasaki, T., Salter, M.W., and MacDonald, J.F. is required for fear memory formation and long-term potentiation in
(2001). CAK/Pyk2 kinase is a signaling link for induction of long- the lateral amygdala. J. Neurosci. 22, 5219–5229.
term potentiation in CA1 hippocampus. Neuron 29, 485–496.
Roof, R.W., Haskell, M.D., Dukes, B.D., Sherman, N., Kinter, M.,
Kandel, E.R. (2001). The molecular biology of memory storage: a and Parsons, S.J. (1998). Phosphotyrosine (p-Tyr)-dependent and -
dialogue between genes and synapses. Science 294, 1030–1038. independent mechanisms of p190 RhoGAP-p120 RasGAP interac-
tion: Tyr 1105 of p190, a substrate for c-Src, is the sole p-Tyr media-Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku,
M., Yamamori, B., Feng, J., Nakano, T., Okawa, K., et al. (1996). tor of complex formation. Mol. Cell. Biol. 18, 7052–7063.
Regulation of myosin phosphatase by Rho and Rho-associated ki- Roof, R.W., Dukes, B.D., Chang, J.H., and Parsons, S.J. (2000).
nase (Rho-kinase). Science 273, 245–248. Phosphorylation of the p190 RhoGAP N-terminal domain by c-Src
results in a loss of GTP binding activity. FEBS Lett. 472, 117–121.Krucker, T., Siggins, G.R., and Halpain, S. (2000). Dynamic actin
Neuron
738
Schafe, G.E., Nader, K., Blair, H.T., and LeDoux, J.E. (2001). Memory
consolidation of Pavlovian fear conditioning: a cellular and molecu-
lar perspective. Trends Neurosci. 24, 540–546.
Settleman, J., Albright, C.F., Foster, L.C., and Weinberg, R.A. (1992).
Association between GTPase activators for Rho and Ras families.
Nature 359, 153–154.
Sharma, S.V. (1998). Rapid recruitment of p120RasGAP and its asso-
ciated protein, p190RhoGAP, to the cytoskeleton during integrin
mediated cell-substrate interaction. Oncogene 17, 271–281.
Snapper, S.B., and Rosen, F.S. (1999). The Wiskott-Aldrich syn-
drome protein (WASP): roles in signaling and cytoskeletal organiza-
tion. Annu. Rev. Immunol. 17, 905–929.
Tatsis, N., Lannigan, D.A., and Macara, I.G. (1998). The function of
the p190 Rho GTPase activating protein is controlled by its N-ter-
minal GTP binding domain. J. Biol. Chem. 273, 34631–34638.
Threadgill, R., Bobb, K., and Ghosh, A. (1997). Regulation of dendritic
growth and remodeling by Rho, Rac, and Cdc42. Neuron 19,
625–634.
Totsukawa, G., Yamakita, Y., Yamashiro, S., Hartshorne, D.J., Sa-
saki, Y., and Matsumura, F. (2000). Distinct roles of ROCK (Rho-
kinase) and MLCK in spatial regulation of MLC phosphorylation for
assembly of stress fibers and focal adhesions in 3T3 fiborblast. J.
Cell. Biol. 150, 797–806.
Uehata, M., Ishizaki, T., Satoh, H., Ono, T., Kawahara, T., Morishita,
T., Tamakawa, H., Yamagami, K., Inui, J., Maekawa, M., and Naru-
miya, S. (1997). Calcium sensitization of smooth muscle mediated
by a Rho-associated protein kinase in hypertension. Nature 389,
990–994.
Weiler, I.J., Hawrylak, N., and Greenough, W.T. (1995). Morphogene-
sis in memory formation: synaptic and cellular mechanisms. Behav.
Brain Res. 66, 1–6.
Weisskopf, M.G., Bauer, E.P., and LeDoux, J.E. (1999). L-type volt-
age-gated calcium channels mediate NMDA-independent associa-
tive long-term potentiation at thalamic input synapses to the amyg-
dala. J. Neurosci. 19, 10512–10519.
Wilensky, A.E., Schafe, G.E., and LeDoux, J.E. (1999). Functional
inactivation of the amygdala before but not after auditory fear condi-
tioning prevents memory formation. J. Neurosci. 19, RC48.
Zhao, W., Chen, H., Xu, H., Moore, E., Meiri, N., Quon, M.J., and
Alkon, D.L. (1999). Brain insulin receptors and spatial memory. Cor-
related changes in gene expression, tyrosine phosphorylation, and
signaling molecules in the hippocampus of water maze trained rats.
J. Biol. Chem. 274, 34893–34902.
